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Introduction
Secondary electrons have been proved to be responsible for the energy deposition pattern and related damage when irradiating matter with different high energy particles (photons, electrons, positrons or ions). Depending on the type and energy of primary radiation these electrons can be generated over a broad energy range from nearly zero up to the high energy of the primary particle (in the case of photoelectrons). Energy deposition models including secondary electron effects are required by some medical applications of radiations in the fields of radiotherapy, radiodiagnostics and radiation protection. One of the main difficulties to develop these models is that the subject targets are usually in the condensed phase, liquid or solid, while available cross section data are related to single atoms or molecules. The main goal of this paper is to study how target condensation can affect to the calculated electron scattering cross sections. We have chosen Ar for being a single atom with abundant cross section data available in the literature. In addition accurate theoretical and experimental cluster geometrical configurations for its dimmer, trimmer and tetramer have been recently published [1, 2] . This allows us to apply our screening corrected additivity rule (SCAR) [3] [4] [5] [6] to an independent atom representation (IAM) in order to follow the evolution of the differential (DCS) and integral (ICS) scattering cross section as a function of the number of atoms forming the cluster. This can be regarded as the way that atom condensation affects to the single atom scattering cross sections. Finally we can model the liquid state as a large cluster by assuming a homogeneous atom distribution defined by its density.
In this study we use the above mentioned IAM-SCAR method to calculate differential and integral electron scattering cross section for the Ar atom and its dimer, trimer and tetramer cluster configurations providing a systematic of the cross section value evolution as a function of the number of atoms in the cluster. We also present an approach to model electron scattering processes in liquid argon by using this modified independent atom representation. The applicability of the present electron scattering data to model electron transport in liquids is finally discussed.
Calculation procedure
To describe the electron Ar scattering process an optical potential method has been followed. Both the potential and the calculation procedure have been extensively described elsewhere [3] [4] [5] and therefore only a brief summary will be reported here.
We represent the atomic target by an interacting complex potential (i.e. the optical potential), whose real part accounts for the elastic scattering of the incident electrons, while the imaginary part represents the inelastic processes that are considered as 'absorptions' from the incident beam. To construct this complex potential for each atom, the real part of the potential is represented by the sum of three terms: (i) a static term derived from a Hartree-Fock calculation of the atomic charge distribution [6] , (ii) an exchange term to account for the indistinguishability of the incident and target electrons [7] and (iii) a polarisation term [8] for the long-range interactions which depend on the target dipole polarisability [9] . The imaginary part, following the procedure of Staszewska et al. [10] , then treats inelastic scattering as electron-electron collisions. However, we initially found some major discrepancies in the available scattering data, which were subsequently corrected when a physical formulation of the absorption potential [3] was introduced. Further improvements to the original formulation, such as the inclusion of screening effects, local velocity corrections and in the description of the electrons' indistinguishability [4] , finally led to a model that provides a good approximation of electron-atom scattering over a broad energy range. An excellent example of this was for elastic electron-atomic iodine (I) scattering [11] , where the optical potential results compared very favourably with those from an independent highly sophisticated Dirac-B-spline R-matrix computation.
Ar dimer, trimer and tetramer electron scattering calculation
To calculate the cross sections for electron scattering from Ar clusters, we follow the IAM, in the same way it is used for molecules [4] , by applying what is commonly known as the additivity rule (AR). In this approach, the cluster scattering amplitude is derived from the sum of all the relevant atomic amplitudes, including the phase coefficients, which lead to the cluster DCSs for the atomic structure in question. Integral cross sections (ICS) can then be determined by integrating those DCSs. The sum of the elastic and the absorption (for all inelastic processes except rotations and vibrations) gives the TCSs. Alternatively, the ICSs for the cluster can also be derived from the relevant atomic ICSs in conjunction with the optical theorem [4] . We found an inherent contradiction in the original formulation of the AR procedure between the ICSs derived from those two approaches, which suggested that the optical theorem was being violated [12] . This problem has been resolved by employing a normalization procedure during the calculation of the DCSs which ensures that the ICSs derived from the two approaches are now entirely consistent [12] . An additional limitation of the AR method is that no target structure is considered, so that it is really only applicable when the incident electrons are so fast that they effectively see the target cluster as a sum of individual atoms (typically above 100 eV). To reduce this limitation, we [13, 14] introduced the SCAR method, which considers the geometry of a relevant atomic structure (atomic positions and bond lengths) by using some screening coefficients. With this correction the range of validity of the IAM-SCAR approach might be extended to incident electron energies of about 20 eV. Indeed it is the elastic DCS and the elastic and inelastic ICS results from the application of the IAM-SCAR method to Ar dimer, trimer and tetramer that we report on here. Atomic positions and bond lengths for these clusters have been taken from [1] .
Liquid Ar electron scattering calculation
We can consider a liquid as formed by a homogeneous mixture of atoms which interatomic distances are given by its temperature and density conditions (1430 kg/m 3 in the case of Ar). By assuming that 
Results and discussion
Differential electron elastic scattering cross section for Ar atom, dimer, trimer and tetramer are shown in Table 1 and plotted in Figure 2 for selected energies ranging from 1 to 1000 eV. By integrating over the whole scattering angle range we derived the corresponding integral elastic cross sections which, in conjunction with the optical theorem, provided the total scattering cross sections and therefore, the integral inelastic cross sections. Integral electron scattering cross sections for Ar atoms and Ar clusters are shown in Table 2 . Due to the small binding energy of these Ar clusters, a few meV, and their relatively large internuclear distances we can expect no much different scattering behavior from that of the independent atoms for the energy range considered here. However, it has been recently shown [14] that the multicenter structure of small noble gas clusters modifies the electron impact ionization dynamics even for incident energies of 100 eV. In order to quantify the modification of the single atomic cross sections induced by the surrounding atoms we have evaluated the deviation of the cluster cross sections with those corresponding to the single atom multiplied by the number of atoms in the cluster. For the differential elastic scattering cross sections, these deviations, in percentage, are represented in Figure 3 as deviation (%)=100(Ar nnAr 1 )/nAr 1 Concerning integral cross sections, similar deviations have been plotted in Figure 4 for the total scattering cross sections of the Ar clusters with respect to those of isolated atoms. As seen from this figure, the total cross sections of clusters tend to be systematically lower than the corresponding to isolated atoms. For energies above 200 eV, these differences are nearly a constant factor. However, below these values, they tend to be quite energy dependent reaching the higher deviations around 15 eV Finally integral electron scattering cross sections for liquid Ar derived with the procedure described above are shown in Figure 5 . As expected from the tendency showed by the Ar clusters, the total scattering cross sections of Ar in the liquid state is lower than those for isolated Ar atoms. This decrement is a consequence of the multiple scattering with surrounding atoms and provides an indication of the relevance of condensation effects as a function of the incident energy. Although multiple-scattering effects can be observed even at 100 eV [15] , they are dominant at lower energies, between 3 and 40 eV, reaching their maximum contribution to the scattering processes around 15 eV. 
Conclusions
The screening corrected additivity rule (SCAR) over an independent atom representation has been applied to calculate differential and integral electron scattering cross sections by Ar clusters (dimer, trimer and tetramer) for incident energies ranging from 1 to 500 eV. This calculation confirmed that, as observed by Plüger et al. [14] , multiple scattering in the cluster produces a redistribution of the scattering angles and important changes on the integral cross sections with respect to those for the atomic Ar, even at relatively high energies. These effects are especially pronounced for incident energies ranging from 3 to 40 eV.
Finally the calculation procedure has been applied to obtain electron scattering cross sections in liquid Ar, confirming the tendency showed by the Ar clusters. Electron scattering cross sections in liquids are required to model electron tracks in biologically relevant media for dosimetric purposes [16] . These results open the possibility of using the SCAR method to the scattering of electrons in molecular liquids, as water and other biomolecular systems.
